The causes of the California drought during November-April winters of 2011/12-2013/14 are analyzed using observations and ensemble simulations with seven atmosphere models forced by observed SSTs. Historically, dry California winters are most commonly associated with a ridge off the west coast but no obvious SST forcing. Wet winters are most commonly associated with a trough off the west coast and an El Niño event. These attributes of dry and wet winters are captured by many of the seven models. According to the models, SST forcing can explain up to a third of California winter precipitation variance. SST forcing was key to sustaining a high pressure ridge over the west coast and suppressing precipitation during the three winters. In 2011/12 this was a response to a La Niña event, whereas in 2012/13 and 2013/14 it appears related to a warm west-cool east tropical Pacific SST pattern. All models contain a mode of variability linking such tropical Pacific SST anomalies to a wave train with a ridge off the North American west coast. This mode explains less variance than ENSO and Pacific decadal variability, and its importance in 2012/13 and 2013/14 was unusual. The models from phase 5 of CMIP (CMIP5) project rising greenhouse gases to cause changes in California all-winter precipitation that are very small compared to recent drought anomalies. However, a long-term warming trend likely contributed to surface moisture deficits during the drought. As such, the precipitation deficit during the drought was dominated by natural variability, a conclusion framed by discussion of differences between observed and modeled tropical SST trends.
Introduction
The November-April winter precipitation season in 2013/14 was, according to the National Oceanic and Atmospheric Administration (NOAA) Climate Division data, the sixth driest for the state of California as a whole that has occurred since records begin in 1895. The previous two winter precipitation seasons were also dry, and the same data show that the 2011-14 three-winter average precipitation for California was the second driest that has occurred since 1895 (Fig. 1) . The Climate Division data (Vose et al. 2014 ) also show that the all-California November 2013 through April 2014 winter and the 2011-14 three-winter average were the warmest on record ( Fig. 1) , adding further stress to surface moisture by increased evaporative loss and water demand and reduced snowpack. The 2013/14 winter, coming as the third year of a major drought, left California water resources in a severely depleted state. In April 2014, Governor Jerry Brown issued the second emergency drought proclamation in two months. In November 2014, according to the California Department of Water Resources (2015) , the statewide water storage was about 56% of the average for the time of year. California is the nation's leading agricultural producer and one of the major agricultural regions of the world. Reductions in precipitation and water available for irrigation are being largely offset by increased groundwater pumping, an unsustainable situation at least in the southern Central Valley (e.g., Scanlon et al. 2012 ; see also Famiglietti and Rodell 2013; Amos et al. 2014; Borsa et al. 2014) , and the 2014 year of drought has cost California $2.2 billion in damages and 17 000 agricultural jobs (Howitt et al. 2014) .
The ongoing California drought lies within a largerscale context whereby, at any one time, drought has been afflicting much of southwestern North America since the end of the 1990s (Seager 2007; Weiss et al. 2009; Hoerling et al. 2010; Cayan et al. 2010; Seager and Vecchi 2010; Seager and Hoerling 2014) and shortly after a devastating 1-yr drought struck the U.S. Great Plains and Midwest . Concern for the future of southwestern water is only intensified by projections by climate models. These indicate that for much of southwestern North America, a combination of declining winter precipitation (except central to Northern California) and rising temperatures will reduce water availability in coming decades as a consequence of rising greenhouse gases (GHGs; Seager et al. 2007 Seager et al. , 2013 Maloney et al. 2014; Vano et al. 2014) . During the last winter's drought there was much discussion, up to the level of the President, as to whether it was caused or made worse by human-driven climate change.
Three recent papers examined the potential role for climate change in the California drought of the last two winters. The comparison of these three studies, employing different methods and models, found no substantial effect of human-induced climate change on the severe precipitation deficits over California (Herring et al. 2014) . One of the studies (Swain et al. 2014) concluded that global warming was increasing the likelihood of extreme high pressure over an index region of the North Pacific similar to that observed during the recent drought. Wang and Schubert (2014) found some evidence of forcing by sea surface temperature (SST) anomalies of a dry tendency for winter 2012/13 but no evidence of an influence from the long-term SST trend. Their result largely agreed with a separate analysis by Funk et al. (2014) using a different atmospheric model. These results are good motivation for the comprehensive analysis of the 2011-14 California drought presented here.
Drought is nothing new to California. Figure 2 shows the winter half-year precipitation history for all of California. The driest winter was 1976/77, for example, and there was an extended dry period in the 1920s and 1930s (Mirchi et al. 2013) , which included the second driest winter of 1923/24. The driest 3-yr period was 1974-77, which included the driest winter and 1975/76, the fourth driest winter. There have also been extended wet periods, including one in the mid-1990s. This preceded a period of steadily declining precipitation up to and including the 2011-14 drought, and part of the explanation of the recent drought will involve explaining the decline in winter precipitation over the recent decades. However, over the entire 120 years of record, there is no clear trend toward wetter or drier conditions. While the precipitation decrease was the essential cause of the recent drought, the last winter in California was also very warm, reducing soil moisture and streamflow beyond that owing to the precipitation drop alone.
Over the last few decades since the pioneering work of Ropelewski and Halpert (1986) , it has become clear that SST variability exerts a strong control over precipitation across much of southwestern North America. In a recent review, Seager and Hoerling (2014) claim that as much as a quarter of the interannual variability of precipitation for southwestern North America as a whole is explained in terms of an atmospheric response to tropical Pacific SST anomalies with La Niña (El Niño) events tending to make it dry (wet). These tropical Pacific-driven precipitation teleconnections do include California during winter (e.g., Mason and Goddard 2001; Seager et al. 2014a) but, according to the same analysis, SST-driven variability tends to account for at most a quarter of the interannual precipitation variance in California. This suggests that the precipitation history of California will be heavily influenced by random atmospheric variability.
So what did cause the drought? What were the relative contributions of SST forcing, human-driven climate change, and random atmospheric variability? Could this drought have been predicted? Is the 2011-14 event akin to prior California droughts or different? These are among the questions we attempt to address using analyses of observations, simulations with atmosphere models forced by observed SSTs through April 2014, and coupled atmosphere-ocean models forced by known past and estimated future changes in radiative forcing. By taking a long-term perspective on the meteorological causes of California drought, as well as considering projections of radiatively driven climate change, we hope to provide a considerably improved understanding of the causes and predictability of California drought in general.
In section 2 we detail the observational data and models used. Section 3 describes the observed atmosphere-ocean state during the past three winters, and section 4 examines the multimodel ensemble mean response to imposed SST anomalies for these winters. Section 5 then discusses the more general causes of wet and dry winters in California.
Section 6 examines in more detail the model simulations of the past three winters. Section 7 examines the role of SST forcing for the recent drought, and section 8 compares the long-term history of California precipitation with that simulated by SST-forced models. Section 9 analyzes the temperature anomalies during the drought. Section 10 assesses the contribution of human-induced climate change to the recent drought. Conclusions and discussion are offered in section 11.
Observational data and model simulations
The precipitation data used are the Climate Division data from NOAA chosen because they extend up to the most recent month, begin in 1895, and hence allow the recent winters to be placed in long-term context (Vose et al. 2014 ; http://iridl.ldeo.columbia.edu/SOURCES/ NOAA/.NCDC/.CIRS/.nClimDiv/.v1/.pcp/). The seven California climate divisions were formed into an areaweighted, all-California average. Circulation anomalies are diagnosed using the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis extending from 1949 to April 2014 (Kalnay et al. 1996; Kistler et al. 2001) . SST data for the observational analysis are from the NCEP-NCAR reanalysis. The model simulations to be described below are an ensemble of opportunity of various models that have been forced by global historical SSTs up through the past winter and with multiple ensemble members. The model data analyzed in this paper are available online (http://dolphy.ldeo.columbia.edu:81/SOURCES/.DTF/). 1) A 16-member ensemble with the NCAR Community Climate Model, version 3 (CCM3; Kiehl et al. 1998) , that covers January 1856-April 2014. The model was run at spectral truncation T42 (;2:88 3 2:88) resolution with 18 vertical levels (L18). Sea ice was held at climatological values. The SST forcing combines the Kaplan et al. (1998) Centre data were used globally from 2010 to 2014. 2) A 24-member ensemble with the ECHAM4.5 model (Roeckner et al. 1996) from January 1950 through February 2014 forced by the NOAA ERSST dataset for SST (Smith and Reynolds 2004) and with sea ice held fixed at climatological values from the same data. Trace gases were held fixed at 1990 values. Model resolution was T42 (;2:88 3 2:88) with 19 vertical levels (L19). 3) A 20-member ensemble with the ECHAM5 model (Roeckner et al. 2003) Of these models, CCM3 and CAM4 are earlier and later generations of the NCAR atmosphere models with different dynamical cores and significantly different treatments of atmospheric physics. Similarly, ECHAM5 was a successor model to ECHAM4.5; both use a spectral formulation, but major changes were made to atmosphere and land surface physics. The GFSv2 and GEOS-5 models have their own separate lineages. The NCEP and ESRL versions of GFSv2 are almost the same model but small differences (as well as the use of different code compilers and computers) mean that they do simulate different climates. For more model information, see Table 1 .
As a reality check, the seasonal cycles of all-California precipitation for observations, the seven model ensemble means, and the multimodel ensemble mean were computed. The observations and all the models have a June-September dry season, precipitation increasing from October to a December-February winter peak, followed by a decline to May. However, all the models except for ECHAM5 and ESRL GFSv2 have a peak weaker than observed. The multimodel ensemble mean peak precipitation is about 3 mm day 21 compared to the observed peak of about 3.5 mm day 21 .
3. Atmosphere-ocean conditions during the 2011-14 winters The height anomalies were in general coherent in the vertical and can be used to largely explain the North Pacific SST anomalies in terms of surface flow and heat flux anomalies, consistent with analyses from Davis (1976) to Johnstone and Mantua (2014) that North Pacific SST anomalies are primarily driven by atmospheric circulation anomalies. For example, southerly flow around the North Pacific high is consistent with anomalous warming of the central North Pacific by warm, moist advection that reduces sensible and latent heat loss as well as reduced wind speed (and hence warming) on the southern flank of the anomalous high, with additional possible warming from anomalous Ekman drift. Similar arrangements of wind and SST anomalies are seen in the other two winters, for example, the localized very warm SST anomalies in the northeastern Pacific in winter 2013/14 under strong southerly wind anomalies that have been explained as an ocean response to atmospheric forcing by Bond et al. (2015) .
These examinations of the observed conditions during the 3-yr drought suggest that it arose from a series of winter circulation anomalies, all of which involved high pressure over the North Pacific immediately upstream from California, and which can be expected to be associated with dry, subsiding air and a lack of moisturebearing low pressure systems, but with the conditions in each winter not exactly like the other two. It also suggests that the strong SST anomalies in the North Pacific Ocean were themselves forced by the atmospheric circulation anomalies and, hence, not a primary causal mechanism [consistent with the analysis of Hartmann (2015)].
4. The multimodel mean SST-forced simulation of the last three winters Figure 4 shows the seven-model average of the ensemble means of the simulated precipitation and 200-mb geopotential height for the past three winters. The ensemble mean of each model attempts to isolate the boundaryforced response common to the ensemble members while the average across the models seeks to identify responses that are robust and not model dependent. Comparing Fig. 4 with the observed state in Fig. 3 , it can be seen that the multimodel ensemble mean (MEM) produces a ridge off the west coast of North America, over the eastern North Pacific, in each of the three winters. In winter 2011/12 the MEM has a classic La Niña pattern (Seager et al. 2014a ) with a clear connection to cold SSTs and low geopotential heights in the tropical Pacific. In the following two winters the MEM produces a northwest-to-southeast-oriented ridge akin to that observed but quite different (even in quadrature over the Pacific-North America region) to the La Niña-forced 2011/12 pattern. The MEM also has low heights over northern Canada in the past two winters, providing for northerly flow anomalies over western Canada. Like the observations, the MEM height pattern hints at a wave train originating from the tropical Pacific. Consistent with the height pattern including the ridge off the west coast, and consistent with the observations, the MEM has dry anomalies in all winters over southwestern North America. These results suggest an oceanforced component to the 2011-14 California drought. Notably, however, the multimodel mean height anomaly at the west coast is about half that observed but the California (and west coast) precipitation anomaly is less than half that observed.
The ocean, atmosphere, and precipitation states associated with all-California dry and wet winters in observations and SST-forced models
Having examined the observed and modeled state during 2011-14, we next take a longer-term perspective and examine the typical atmosphere-ocean state during all-California droughts and pluvials, first in the observational record and then in SST-forced climate models.
a. The observational record
To analyze the observed state during droughts and pluvials, we determined the driest and wettest 15% of winter half years for all of California in the 1949/50 to 1 This excludes the 2011-14 drought winters so that they can be cleanly compared to the normal drought or pluvial state. We begin the analysis in 1949 to correspond to the beginning of the NCEP-NCAR reanalysis data from which we use the geopotential height fields. Figure 5 shows in its top left panel the anomalies of U.S. precipitation, 200-mb heights, and SSTs for the 15% of driest California winter half years. The driest winters tend to be dry along the entire U.S. West Coast and associated with an anomalous high pressure system centered just west of Washington State, with an anomalous low just south of the Aleutian Islands. The SST anomalies in the North Pacific are consistent with atmosphere circulation forcing: cold in the western North Pacific under northwesterly and westerly flow that will induce cooling by cold, dry advection and increased wind speed and weak warm conditions under southerly flow over the eastern North Pacific. Notably, there are no appreciable SST or height anomalies in the tropics indicating that the typical California drought winters are not systematically forced from the tropics. The companion figure for the 15% of wettest California winters is shown in the top left panel of Fig. 6 . For California wet years the entire western region of the United States tends to be wet, and there is a low pressure system centered west of Oregon. In this case, and unlike the case for dry winters, the low is clearly associated with a subtropical high to its south and a warm tropical Pacific Ocean, a classic El Niño-like arrangement of SST and height anomalies. These two results indicate an interesting and impressive nonlinearity in California climate variability: while wet winters are usually El Niño winters, dry winters are not usually La Niña winters. Instead, it appears that the typical dry winters are more related to a local North Pacific-North America wave train of presumed internal atmospheric origin.
b. The model record
For any model the individual ensemble members are begun with different initial conditions and have different sequences of random internal atmospheric variability together with an SST-forced component common to all. To examine the atmosphere-ocean states for modeled California dry and wet winters, and to allow for the possibility that these are generated by atmospheric processes alone, we identified the driest and wettest 15% of winters in each ensemble member and then averaged the results across the ensemble to derive the dry and wet patterns for each model. The entire lengths of the ensembles, but excluding the 2011-14 winters, were used and anomalies are relative to each model's long-term climatology.
Results are shown in Figs. 5 and 6 for dry and wet composites, respectively. All models correctly have a high pressure anomaly west of Washington state during California dry winters. The CCM3, NCEP GFSv2, and GEOS-5 models correctly have this high appearing as a midlatitude wave while the other models have a wave train connected to the tropics and a La Niña-like SST anomaly. The midlatitude SST anomalies seen in observations to accompany the circulation anomaly are not seen in the model runs. This is partly because the SSTs are not coupled in the models and cannot respond to the atmospheric circulation anomalies as happens in nature and because extratropical SSTs are generally ineffective in forcing drought-producing conditions.
For the California wet years, all of the models have an anomalous low pressure system off the west coast connected with tropical height and SST anomalies that are a clear expression of El Niño. This much is observed. While all the models are roughly correct in this sense, the results suggest that only CCM3 and GEOS-5 correctly represent the nonlinearity of the California precipitation relationship to SST anomalies while ECHAM4.5, in particular, is too linear.
The asymmetry regarding tropical forcing arises from two plausible physical factors. One is the different height teleconnections for La Niña and El Niño events. Tropical Pacific SST anomalies for La Niña events tend to be to the west of those for El Niño events, with the latter forcing a wave pattern with strong westerly anomalies at the west coast at the latitude of California while, for La Niña events, the wave train is phase-shifted westward and there are weaker northwesterly anomalies over the Pacific Northwest (Haston and Michaelsen 1994; Hoerling et al. 1997 Hoerling et al. , 2001 Lin and Derome 2004; Wu and Hsieh 2004; Peng and Kumar 2005; Kumar et al. 2005; Schubert et al. 2008; Zhang et al. 2014) . A second is the skewness in tropical Pacific SST forcing itself, with a few very strong El Niño events that have no La Niña counterpart. These strong El Niño events (e.g., 1982/83 and 1997/98) generate a statewide California wet signal that dominates the El Niño composite (Hoerling and Kumar 2002) . with the observations (repeated from Fig. 3 ). SST anomalies are also shown since the different models used different SST datasets, and hence, this provides an idea of uncertainty in the SST. The ensemble means approximate the SST-forced and thus potentially predictable component. The pattern of forced signals in most individual models captures the essential observed Pacific-North America height and U.S. West Coast precipitation anomalies observed during the 2011-14 winters. However, none have height and precipitation anomaly amplitudes as large as those observed. This suggests that an SST-forced component to these anomalies is not a full explanation, leaving a potential and important role for a coincident and constructive influence of internal atmosphere variability. During winter 2011/12 (Fig. 7) , there were extensive cold SST anomalies in the central and eastern equatorial Pacific Ocean characteristic of a La Niña event. The models respond realistically in a manner consistent with known La Niña teleconnections (e.g., Hoerling et al. 1997; Seager et al. 2014a ) with low height anomalies in the tropics, a high anomaly over the North Pacific Ocean extending across southern North America into the Atlantic Ocean, and a low over western Canada. The observed height anomalies had some similarity to this but were more zonally oriented across the Pacific-North America-Atlantic sector. The model signal of California and the U.S. West Coast as drier than normal is consistent with observations (Seager et al. 2014a ).
In the following two winters, 2012/13 and 2013/14 (Figs. 8, 9 ), the eastern equatorial Pacific SST anomalies had weakened to near normal. Despite this, most of the models still placed a high pressure anomaly over the west coast, especially in winter 2013/14. In this case the high, over the North Pacific Ocean, is far to the north of the typical La Niña-forced high. Given that the ridge is associated with a low height anomaly over the subtropical western Pacific, there is some hint that these may be a wave pattern forced from the tropical to subtropical IndoPacific region. During these two winters most of the models also produce drier-than-normal conditions across the U.S. West Coast, including California. The height and precipitation anomalies are, however, much weaker than those that actually occurred. Nonetheless, of the 21 simulated ensemble mean winters (3 years times 7 models), 20 were drier than normal in California. By this elementary test, there is widespread model consensus that the SST conditions of the last 3 years should have heavily tilted California toward drought.
CCM3 is probably the most unrealistic model in simulating the west coast ridge of winter 2013/14. It is also the only one to use the Hadley Centre SST data.
We reran a 16-member ensemble with CCM3 from January 2013 to April 2014 using the NOAA ERSST dataset and found that the model did reproduce the west coast ridge with a fidelity comparable to that of the other models. The Hadley Centre SST anomalies for the past winter differ to those in the Hurrell et al. (2008) and NOAA datasets primarily by being weaker. The success of the models forced with the latter datasets suggests that their SSTs are probably more correct than those in the Hadley Centre data, but this source of uncertainty needs to be noted, tracked down, and assessed.
b. The ensemble spread of precipitation anomalies for the past three winters
The spread among individual realizations within model ensembles provides a model-based assessment of the boundary-forced signal to internal atmospheric noise ratio, thereby indicating the likelihood for detecting (and potentially predicting) the forced drought signal. In Fig. 10 we show this information in the form of box-and-whisker plots for all-California precipitation for each of the three winters and the three-winter average and for each model. The 25th and 75th percentiles of the ensembles are shown as the limiting horizontal lines of the boxes with the mean as the line crossing the boxes while the median is the star and the range is given by the limits of the whiskers. The observed values are shown by crosses. For 2011/12 the mean and median precipitation anomalies for all models were drier than normal, and the observed anomaly was at or above the 25th percentile for the ESRL GFSv2 and the ECHAM models. For winter 2012/13 all the means and medians and a clear majority of the multimodel ensemble indicated drier-than-normal conditions, and the observed anomaly fell within the allmodel range. For winter 2013/14 all model ensembles except CAM4 had means and medians drier than normal but with the observed value falling at the edge of, or beyond, the model distribution. However, the observed anomaly, at about 21.4 mm day 21 , does not appear to be beyond the full range of possibilities of the models, based on looking at the model extremes for all three winters. For the three-winter average the observed anomalies are also at the range of, or beyond the range of, simulations, but not so far beyond as to appear beyond the capability of the models to generate such intense 3-yr droughts. (Examining the full range considering all winters in all ensemble members confirms that the models are capable of getting absolute and percentage declines in precipitation of the magnitude seen in the last three winters and the three-winter average.) Notably, the model with the largest ensemble (ESRL GFSv2, 50 members) is the one that encompasses the extreme of winter 2013/14 and the 3-yr average, so it is possible the other models would have done also had their ensembles been larger. The results so far have suggested that, while California dry winters in general might arise from internal atmospheric variability, the 2011-14 winters likely contained a component of ocean forcing. The winter of 2011/12 was characterized by a moderately strong La Niña event, and its resulting teleconnection contributed to dry California conditions consistent with a modest La Niña-California dry relationship. The winters of 2012/13 and 2013/14 were, however, ENSO neutral and had different SST forcing.
To examine the nature of the forced signals during these two winters in more detail, we turn to the ensemble means of the model simulations that closely isolates the boundary-forced component. While many of the models used did also impose the observed time history of sea ice, it is considered that it is the SST that matters most (as will be seen). The ensemble sizes used here range from 12 members (GEOS-5) to 50 (ESRL GFSv2) members and are large enough to filter out much of the weather noise within each model. Therefore, we computed the empirical orthogonal functions (EOFs) of the ensemble mean Northern Hemisphere 200-mb height field for winter half years in each model. This was done for the winters of 1979/80-2013/14 to match the time period that is covered by all the model simulations. The principal component (PC) associated with each EOF was then correlated with global winter SST anomalies to determine the pattern of SST anomalies that forced the circulation anomaly described by the EOF mode. In all models the first EOF is the El Niño-Southern Oscillation (ENSO) mode. This typically explains more than half of the Northern Hemisphere SST-forced variance of 200-mb heights and is clearly, and not surprisingly, the dominant mode of variability. The second EOF in all the models appears to be the decadal ENSO, or Pacific decadal variability mode. Like the first mode (although orthogonal to it), it has strong height expression in the tropics and a wave train extending across the Pacific and North America. The second-mode PC correlates to a meridionally broad SST anomaly centered on the central and eastern equatorial Pacific Ocean with opposite signed anomalies in most of the remainder of the World Ocean. Given the 1979-2014 time frame of analysis, and decadal shifts in 1976/77 and 1997/98, the PC also appears as a trend.
As shown in Fig. 11 , in every model other than CCM3, the third EOF mode was a wave train that arched from the tropical western Pacific northeastward across the Pacific Ocean to North America and (in the phase shown) had a ridge extending from the northwest over the Bering Sea to the southeast over California at or just west of the North American coast.
3 Also shown are the PCs that make clear that this is a mode of variability without any obvious trend to a preferred state. In many models the PC value for winter 2013/14 is strong and often the strongest in the record consistent with the dominance of this pattern in nature this past winter.
Finally, the PCs were regressed with global SST to determine what ocean climate variability was responsible for forcing this mode, and the resulting maps are also shown in Fig. 11 , with regression coefficients only shown where significant at the 95% level. All the models agree that the west coast ridge pattern of height variability is forced by an intensified east-west SST gradient across the equatorial Pacific Ocean with both cool in the east and warm in the west consistent with the appearance of a wave train that includes the west coast ridge originating from the tropical Pacific. The SST correlations also show anomalies in the North Pacific, with warm anomalies extending northeast from the tropical western Pacific and also appearing in the central North Pacific. As for the observations in 2013/14, the warm anomaly in the central North Pacific can be understood in terms of the atmosphere driving the SST anomalies within southeasterly flow anomalies to the west of the west coast ridge.
In Fig. 12 we show the regression of the ensemble mean precipitation to the PC of the third mode (fourth 2 It is usually the case in climate research that the amplitudes of the climate anomalies being investigated are at the very limits of the range of model simulations. That this is usually so might be interpreted as indicating that the models have variability that is too weak. However, we prefer an interpretation in terms of a climate version of the weak anthropic principle (WAP). In cosmology, the WAP says that it is not surprising that the chance of the universe evolving to support sentient life is extremely small. That is because it is only in such a universe that we exist to ponder this question, while the much larger number of universes that could not support life would go unobserved. Similarly, in climate research we choose to only examine the interesting extreme events, while ignoring the vastly greater number of run-of-the-mill events, and hence are always looking at the most unusual climate anomalies. Our models confirm for us that these are indeed truly rare. rotated mode for CCM3) plotting values where significant at the 90% level (which was chosen so as to better see the large-scale pattern of precipitation teleconnection). As expected there is an increase in precipitation over the warm SST anomaly in the western equatorial Pacific Ocean, and a decrease over the central to eastern equatorial Pacific Ocean. In all the models there are dry anomalies at the west coast of North America, although the latitudinal reach of this varies and does not always incorporate California. These results quite strongly indicate that the west coast ridge pattern of winter 2013/14 was to some extent forced by the tropical Pacific SST anomalies of the past winter. These SST anomalies cause precipitation and, hence, atmospheric heating anomalies above them, which can force Rossby waves that propagate toward North America, creating a ridge and depressed precipitation there. However, returning to the analysis of the simulations of the past winters, it should be noted that the height anomalies at the west coast are weaker than those observed. Therefore, despite the importance of this third (or fourth in CCM3) mode of SST-forced variability, internal atmospheric variability also likely played a role that worked constructively with the SST-forced component to create the observed anomaly magnitude.
How well can the history of California winter precipitation be reproduced by SST-forced models?
The hopes raised in the previous two sections that there may be some opportunity to forecast, in general, California winter precipitation in terms of slowly evolving SSTs is confirmed somewhat by examination of Fig. 13 . Here we show a comparison of observed and modeled time histories of all-California winter precipitation. The comparison is shown for the entire time periods available for the models that overlap with observations and hence covers, for two models, 1895-2014. The plot shows the ensemble mean, which closely isolates the SST-forced component common to all ensemble members, and the plus and minus two standard deviation spread of the model ensembles about their respective means. The correlation coefficient between the ensemble mean and the observations is noted on the plots. From these comparisons it is clear that the ability of models to simulate the past history of precipitation varies considerably. At the high end, the ESRL GFSv2 suggests almost a third of the precipitation variance is SSTforced, although this is only for the post-1979 period, while, at the low end, CCM3 suggests the value is only a few percent, although that is for the entire post-1895 period. Despite the success of some models in this regard, notably, all of the models failed to simulate a drought in the late 1980s to early 1990s, four of four failed to simulate the mid-1970s drought, and two of two failed to simulate the general dry period in the 1920s to early 1930s. These results are consistent with the observational analyses (section 5) that showed the typical cause of California dry winters being internal atmospheric variability. Also consistent, the models seem to have some success in simulating wet winters during El Niño events, for example, 1982/83 and 1941/42. The results are also consistent with the recent drought, which is moderately reproducible in terms of SST forcing, being a quite unusual event. Interestingly, the correlation between the model ensemble means and observations was higher (although not necessarily more statistically significant) in the post-1979 period than in the complete period for those simulations that began prior to 1979. Further work will be required to determine if this genuinely represents a tighter correlation between California precipitation and SSTs in recent decades or if it is the result of improvements in SST monitoring.
The models also capture the decadal-scale drop in precipitation since about the late 1970s. Quantitatively, this is shown in the box-and-whisker plot in Fig. 10 , where observed and modeled 1979-2014 trends, expressed as a departure from the 1979-2014 mean (i.e., final minus first value of the linear trend divided by two), are shown as green crosses and stars. The two trends are almost identical. Also clear is that the decadal trend accounts for relatively little of the amplitude of the 2011-14 drought but much, and sometimes all, the modeled drought amplitude. The post-to late-1970s drying trend is thought to be related to the 1997/98 decadal shift in the Pacific Ocean to more La Niña-like conditions, and previous studies have shown how this generated a dry shift across southwestern North America (Huang et al. 2005; Hoerling et al. 2010; Seager and Vecchi 2010; Seager and Naik 2012) .
Temperature anomalies during the 2011-14
California drought
By increasing atmospheric evaporative demand, high temperatures intensify droughts beyond that caused by precipitation decreases alone (Weiss et al. 2009 ). Figure 14 shows the time history of all California winter half-year (November-April) temperature from the Climate Division data. Winter 2013/14 was the warmest on record while the two previous winters were not anomalously warm compared to averages for the last three decades. There has also been a warming of over 18C since the late nineteenth century, which accounts for about onethird of the extreme warm anomaly in the past winter. While at least some part of this warming trend is likely due to rising GHGs, Johnstone and Mantua (2014) argue that much can be accounted for by a strong shift in the latter part of the twentieth century to low sea level pressure over the northeastern Pacific that they attribute to natural variability. As shown in the model analysis of Seager and Hoerling (2014) , the GHG-driven warming is forcing a widespread tendency for a decline in soil moisture across western North America. Figure 14 also shows maps of surface temperature and surface pressure anomalies for the past three winters taken from the NCEP-NCAR reanalysis. The temperature anomalies were modest at the west coast of North America in winters 2011/12 and 2012/13. In contrast, there was a striking localized warm anomaly in southwestern North America and over the eastern North Pacific in winter 2013/14. The surface pressure anomaly makes it clear that the intensity of these warm anomalies is related to the high pressure system with warm southwesterly flow into California (which will also be descending) and over the northeastern Pacific, that is, the same pattern of atmosphere-ocean variability that caused the decrease in precipitation. To check the importance of the temperature anomalies, we examined the NOAA Climate Division Palmer drought severity index (PDSI; available at http://iridl.ldeo.columbia.edu/expert/ SOURCES/.NOAA/.NCDC/.CIRS/.nClimDiv/.v1/.pdsi/). While winter 2013/14 was only the sixth driest since 1895, it has the most negative PDSI value, indicating the incremental impact of temperature. This is consistent with the combined instrumental and tree ring analysis of Griffin and Anchukaitis (2014) and the conclusion of Diffenbaugh et al. (2015) that rising temperatures have been increasing drought risk in California. However, it should be noted that the NOAA PDSI calculation uses the Thornthwaite temperature-dependent method for computing potential evapotranspiration (PET), which can overstate the impact of warming on land surface moisture loss ). An assessment of PDSI using the more physical net radiation-based Penman-Monteith method ) and multiple climate datasets shows that approximately two-thirds to three-quarters of the 3-yr summer average (2012-14) PDSI depression was driven by the precipitation reduction and one-quarter to one-third by increasing PET, with between one-quarter and three-quarters of the latter due to the long-term warming trend (Williams et al. 2015) . Cheng et al. (2015, manuscript submitted to J. Climate), in a model-based study of California soil moisture, found that the rise of GHGs from preindustrial values to current levels led to increased drought risk (as PET increase overwhelmed modeled precipitation increase) when using a metric of upper soil moisture but to reduced risk when considering a metric of 1-m depth soil moisture.
Assessing human-induced climate change contribution to the 2011-14 California drought
It is reasonable to ask whether human-driven precipitation change has played a role in the drought given that models project southwestern North America as a whole to become more arid as a result of rising GHGs (Seager et al. 2007 (Seager et al. , 2013 Maloney et al. 2014) . Determining human-induced climate change from the observational record is difficult. Across North America there is strong interannual to decadal and multidecadal variability of precipitation, which means that observed trends, even over very long time periods, could arise from natural variability. For example, in the case of southwestern North America as a whole, the last century exhibited a striking pluvial in the first two decades (Cook et al. 2011) , serious drought in the 1930s and 1950s, and another pluvial in its last two decades (Seager et al. 2005; Huang et al. 2005; Swetnam and Betancourt 1998) , followed by drought since (Weiss et al. 2009; Cayan et al. 2010) . Precipitation trends computed amidst such a rich record are most likely heavily influenced by natural variability (e.g., Hoerling et al. 2010; Seager and Vecchi 2010) .
Climate model projections provide a different way of estimating human-induced climate change. Averaging across an ensemble of radiatively forced coupled climate models isolates the common component forced by rising GHGs, variations in ozone, solar variability, volcanism, aerosols, etc. Here we use the CMIP5 archive for which Seager and Hoerling (2014) show that modeled human-induced precipitation changes to date across North America are small compared to natural interannual variability. Here we show the 38-model-mean projected changes in precipitation P and precipitation minus evaporation (P 2 E) for the November-April half year for the years of 2011-20 and 2021-40 minus 1961-2000 using the RCP8.5 emissions scenario (Fig. 15 , model data are available at http://kage. ldeo.columbia.edu:81/SOURCES/.LDEO/.ClimateGroup/. PROJECTS/.IPCC/.CMIP5/.MultiModelMeans/.MMM-v2/). For both the current decade and the next two decade periods, there is a widespread area of subtropical drying as measured by a reduction of P and a stronger reduction of P 2 E, which dries Mexico and parts of Arizona, New Mexico, and Texas. This pattern is consistent with expectations of hydroclimate change due to rising GHGs FIG. 15. The CMIP5 38-model mean of the (top) 2011 -20 and (bottom) 2021 -40 minus 1979 change in precipitation P and (right) precipitation minus surface evaporation/evapotranspiration P 2 E, where the double overbar indicates the climatological monthly mean as in Seager et al. (2014b) . Also shown in (left) are the changes in 200-mb height. All results are for the November-April winter half year using the RCP8.5 emissions scenario. Units: Precipitation P and P 2 E (mm day
21
) and height (m). (Seager et al. 2014b ). For the current decade, this drying area includes California but is very weak. The multimodel mean and median are 20.01 and 20.03 mm day 21 , more than an order of magnitude smaller than the precipitation drops during the 2011-14 drought winters. For the future period, central and Northern California is projected to have an increase in winter half-year P and a slightly smaller increase in P 2 E (as warming increases winter E). The change in California is made up of an increase in midwinter P but a decrease in spring that connects with the interior southwest drying Pierce et al. 2013; Gao et al. 2014) . The slight drying in the current decade arises because the spring drying proceeds faster than the midwinter wetting. Hence, for California, the models project an emerging shorter, sharper, wet season. Given that the recent California drought included precipitation drops in midwinter as well as spring, it is not consistent with the model-projected human-driven mean climate change signal. Figure 14 also shows the change in 200-mb heights. While the heights increase everywhere because of the warming troposphere, the climate change signal also includes a trough off the west coast with a southward-shifted jet stream Simpson et al. 2014; Seager et al. 2014b) . This is consistent with winter wetting in central to Northern California, as also seen in IPCC (2013). The circulation anomalies during the recent California drought are therefore also not consistent with model projections of human-driven mean circulation anomalies. The radiatively forced reduction in precipitation for the current decade is well under an order of magnitude smaller than the anomalies that occurred in California in the recent drought and is also smaller than the drying forced by SST anomalies. The projected future winter half-year wetting in central to Northern California is similarly small (on the order of 0.1 mm day
), but made up of larger early winter half-year wetting and late winter half-year drying changes.
Conclusions and discussion
The depleted state of water supply available to municipalities and agriculture in California in 2014 arose from a major, if not record-breaking, meteorological drought. The three-winter average precipitation from 2011/12 to 2013/14 was the second-lowest three-winter precipitation deficit on record (behind 1974-77 d Despite the general role of internal atmosphere variability in driving dry California winters, the probability for occurrence of three consecutive dry winters for statewide California precipitation during 2011-14 was significantly increased by the influence of varying SSTs. This is evidenced by the fact that all seven SST-forced models examined produced dry west coast winters when forced with the observed SST anomalies. Winter 2011/12 was a case of forcing from a La Niña event. In contrast, the winters of 2012/ 13 and 2013/14 appear to have been forced, significantly, by a different pattern of tropical Pacific SST anomalies, with warm in the west and weak cool in the east. In response to these SST anomalies, the models produce precipitation anomalies and a wave train that arches northeastward from the tropical western Pacific to North America and has a ridge and reduced precipitation over the west coast, including California. In addition, the late 1990s shift to more La Niña-like conditions in the Pacific Ocean has created a decadal drying trend that is well reproduced by the models and accounts for a small portion of the observed drought and a much larger portion of the modeled droughts.
d As such, evidence for potential seasonal-to-interannual predictability of the recent California drought was found based on the climate model analysis. The potential predictability was highest during the 2011/ 12 winter when La Niña conditions prevailed, although considerable potential predictability was also identified during the subsequent two ENSO-neutral winters. This predictability is, however, ''potential'' as it requires the important aspects of the SST variability to itself be predictable, which was not investigated here.
d The tropical SST forced wave train-west coast ridge pattern contributing to dry California conditions during the past two winters is not unique to just these years but appears throughout the historical simulation period of all the models (after ENSO and Pacific decadal variability) as an EOF of the ensemble mean, that is, of the ocean-forced component of atmospheric variability. However, this mode explains relatively little of the total variability, and its leading role in the past two winters is unusual since it is more likely to co-occur with, and be obscured by, the more leading modes.
d For the 3-yr period 2011-14, based on the model simulations, the cumulative deficit of California precipitation cannot be explained by SST forcing alone, suggesting an additional contribution from internal atmospheric variability. Our diagnosis of over 150 realizations of model simulations indicates less than half of the drought intensity resulted from potentially predictable SST forcing, while more than half was related to internal atmospheric variability unpredictable at long leads, although this estimated fraction is subject to error because of incorrect model sensitivity to SST forcing.
d More generally, examining the entire available histories of overlapping observations and model simulations, there is a strong indication that up to a third of the variance of California winter precipitation variance is driven by SST anomalies. This skill in hindcasting California precipitation is nonetheless highly model dependent, with some models having essentially zero skill. Further, for the past three winters the models seemed better able to capture the amplitude of the west coast ridge than the associated California precipitation reduction. Additional research is required to determine the full extent of the SST-forced component of California precipitation variability, its links to circulation variability, and its capability to predict the driving SST anomalies.
d Diagnosis of CMIP5 models indicates human-induced climate change will increase California precipitation in midwinter, associated with an increase in westerly flow entering the central Pacific west coast and a lowpressure anomaly over the North Pacific. However, for the current decade the projections indicate a weak drying that arises from drying in the later part of the winter half year that is greater than wetting in the earlier part. This radiatively forced signal is more than an order of magnitude smaller than the observed 3-yr average anomaly. The recent severe all-winter rainfall deficit is thus not a harbinger of future precipitation change. Human-driven climate change will primarily impact California hydroclimate via continued warming, causing more precipitation to fall as rain instead of snow and stressing surface moisture via increases in potential evapotranspiration.
While we have appealed to tropical Pacific teleconnections as contributing factors for the California drought of the past three winters, it must be emphasized that causal attribution to particular regional features of SST forcing remains to be completed. Two of the contributing institutions (NASA GSFC and LDEO) have performed simulations of the past winters with SST anomalies restricted to various oceans and subbasins. These do support the idea that tropical Pacific SST anomalies were key but also find responses to SST anomalies elsewhere. One contributing institution (NOAA ESRL) has done experiments that isolated the response to sea ice changes and found little in terms of precipitation response over California. These results are preliminary, and more careful and targeted modeling studies are needed to determine the exact nature and origin of the ocean forcing of the PacificNorth America circulation anomalies that contributed to the California drought of past winters.
b. Discussion

1) PREDICTABILITY
The retrospective climate simulations imply that seasonal forecasts could have skillfully anticipated California drought conditions for the past three winters. After all, the SST anomalies of the past three winters led to dry winters in all seven models when run in hindcast mode. However, that would have required predicting the relevant SST anomalies. Although we refrain from showing it here, examination of the SST forecasts initialized in October performed for the North American Multimodel Ensemble (NMME) using coupled models, and performed by the IRI using a combination of SSTonly prediction methods, shows that the La Niña of 2011/12 was predicted and that both systems predicted the warm tropical western Pacific in winters 2012/12 and 2013/14, although the IRI with greater strength. Consistently, the NMME models predicted drier than normal conditions in California for 2011/12 and 2012/13 and the IRI for all three winters. Again, consistently, the Climate Prediction Center seasonal outlook for winter 2011/12 predicted drier-than-normal conditions, and the outlook for the next two winters was also for modestly below normal precipitation. The observed precipitation reductions were, of course, much greater. However, it should be recalled that in order for an SST-based prediction to be considered worthy of release to the public, it must be based on a well-established, understood, and proven relationship between SST anomalies and the circulation and precipitation. This was not, in general, the case for the past three winters in California. Seasonal forecast skill for California is limited, consistent with the important role for internal atmospheric variability in driving dry winters found here. Further, the mode of ocean-forced variability found here explains relatively little of the total variance and can easily be overwhelmed by other modes of ocean-forced or internal atmospheric variability.
2) UNANSWERED QUESTIONS AND DIRECTIONS FOR FUTURE RESEARCH
Our multimodel ensemble suggests that up to a third of California winter precipitation variance is SST-forced but that the ability of models to reproduce this is highly variable. This requires a serious effort to better understand the SST-forcing that is important for California, the physical mechanisms that link California precipitation to SST and circulation variations, and how the representation of these vary by model and why. We have emphasized the role of Pacific SST anomalies here, but future work should address the possibility of SST anomalies in other ocean basins also playing a role. This work is critical and could lead to an important improvement in the skill of seasonal precipitation forecasts for California. More specifically, now that this droughtinducing mode of SST-forcing has been identified, forecasters should be on the lookout for similar SST patterns in the future and pay close attention to model predictions when they occur because the potential for improving seasonal prediction for the west coast is clearly there.
Our conclusion that the drought was caused by natural variability and not human-induced climate change is in part based on the CMIP5 models that project wetter conditions in central to Northern California in winter but drier conditions in spring. The midwinter wet signal is consistent with a wet-get-wetter, dry-get-drier hydroclimate response because, after all, most of California experiences a wet climate in winter. The moisture budget analysis of Seager et al. (2014b) confirms that rising humidity combining with the climatological mean circulation is a major driver of wetting in California in winter. However, this is aided by a circulation response that causes a shift to more southwesterly mean winds striking the west coast in winter. This occurs despite a poleward shift of the storm track over the eastern North Pacific and west coast and is related to a local southward shift of the jet stream Simpson et al. 2014; Seager et al. 2014b ). The mean flow shift is part of a fairly high zonal wavenumber response to radiative forcing that stretches across the Pacific from Asia and the western Pacific and is surprisingly robust across models Seager et al. 2014b ), but so far unexplained in the literature.
The other point of faith in the model projections is that they correctly represent the radiatively forced SST change. The long-term change seen in observations over the past few decades is associated with the second EOF mode of 200-mb heights and also has a ridge at the west coast and drying. We have suggested that this apparent trend is actually Pacific decadal variability based on the similarity of its SST pattern, with broad cooling centered in the central to eastern tropical Pacific and surrounding warming in a horseshoe shape, to that identified as a natural decadal mode of variability by Zhang et al. (1997) , Deser et al. (2004) , and many others. In contrast to this pattern, the CMIP5 models have a quite uniform SST response to radiative forcing with a modest maximum in the central and eastern equatorial Pacific Ocean. However, nature has deviated steadfastly from such an SST trend and, when looked at even over a century or more, the observed SST trend is toward an increased, not decreased, east-west gradient (Karnauskas et al. 2009; Solomon and Newman 2012) . The observed trend to an increasing gradient could be the result of natural multidecadal-to-centennial time-scale variability (Zhang et al. 1997; Karnauskas et al. 2012 ). On the other hand, it has been postulated that increased radiative forcing could force a stronger east-west gradient (Clement et al. 1996) , in contrast to the CMIP5 model results. Either way, it should be noted that the warm western-cool eastern tropical Pacific SST anomaly that was key to forcing the recent California drought worked via changing gradients of SSTs that reorganized tropical convection. Warming in the western tropical Pacific region (due to rising GHGs, for example) would likely not have the same effect if it was part of a more spatially uniform warming. Hence, in the same way we must better understand the model wave response to rising GHGs that helps make California wetter in midwinter in model projections, the spatial pattern of SST response also needs to be better understood, such that long-term changes due to natural variability and radiative forcing can be isolated.
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